is often progressive. Once conservative management has failed to provide a sustainable solution, an athlete's career may be threatened, and surgical options can be considered.
Compared with conservative treatment options, the surgical treatment of knee osteoarthritis or joint overload in the elite athlete has not been extensively studied. Three surgical approaches in this setting include arthroscopy, osteotomy, and joint replacement. 47 Arthroscopy and debridement for focal and early degenerative knee arthrosis are commonly performed. Aaron et al 1 studied 122 patients who underwent arthroscopic debridement of knee arthritis that was refractory to conservative management. They found that arthroscopy provided pain relief in cases of mild knee arthritis as defined by the Kellgren-Lawrence radiographic scale 34 and grading of cartilage lesions intraoperatively by the Noyes system. 56 However, patients with more advanced arthritis did not have favorable outcomes. 1 Furthermore, many arthroscopic techniques require various activity modifications for the operation to be successful. Microfracture in athletes, for instance, 20, 46 sometimes requires giving up competition to facilitate favorable outcomes.
Total or unicondylar knee replacement may be an alternative for recreational athletes or those competitive athletes willing to consider retirement. However, elite-level competition in impact sports is not compatible to good long-term outcomes following joint replacement surgery. Specifically, the forces placed across a knee arthroplasty during elite athletic competition that includes running, jumping, and cutting can result in accelerated polyethylene wear, periprosthetic fractures at the sites of stress risers, debonding of the implant-cement interface, and ultimately, early failure of either total or unicondylar replacements. 38, 64 No known competitive jumping athlete has returned to play following knee replacement.
For those athletes with underlying knee malalignment who desire to continue competing at a high level in the face of a focal or progressive knee injury, high tibial osteotomy (HTO) may provide a plausible solution. Historically, studies have shown that HTO can reliably relieve pain and provide functional restoration in cases of unicompartmental knee osteoarthritis. 18, [29] [30] [31] [32] 43, 48, 76 None of these studies, however, focused on elite athletes or addressed ability to return to competitive athletic careers following surgery. Furthermore, these studies generally suggested that outcomes following HTO deteriorated with time. 19, 59 However, recent advances in technique, fixation, and postoperative care may provide the opportunity to improve outcomes compared to previous analyses of HTO. A recent Cochrane review on 13 studies of HTO concluded that despite significant deficiencies in the literature to make definitive recommendations, the surgery does improve knee function and relieve pain.
† This review evaluated effectiveness and safety; it did not directly address elite athletes, nor did it judge outcomes based on ability to return to elite competition. In a review addressing young athletes, Wolcott concluded that osteotomy remains the procedure of choice for this patient population with knee malalignment and that favorable outcomes are influenced by lower relative weight, slight overcorrection, and lower level of overall knee pathology preoperatively. 3, 19, 29, 44, 74 A key advantage to HTO over replacement is that HTO may allow unlimited activity following surgery, including running, jumping, and cutting. In a subjective outcome study of HTO in active individuals, Nagel et al 51 found that many patients were able to return to competitive activities, including skiing, tennis, and other activities that involved running and jumping. Furthermore, 82% of patients in this study stated that in retrospect they were pleased they had the surgery. In a recent study by Salzmann et al, 62 65 patients were evaluated an average of 3 years following opening-wedge HTO to assess ability to return to recreational sporting activity. Although none of the patients in the study were involved in high-level competitive or professional sports, HTO was successful in returning these patients to a similar activity level based on the Lysholm score, visual analogue score, and sport participation.
Aside from the chronic overload and microtrauma from sports, acute injuries to the meniscus, ligaments, and articular cartilage are frequent. These injuries highlight another important element of HTO: Surgery can be performed in combination with other procedures on the athlete's knee to improve outcomes of acute soft tissue injuries. Articular defects, meniscal deficiency, and knee instability, individually or in combination, are often associated with focal compartment overload. Treatment of the instability, meniscal, or articular problem often has to be accompanied by an unloading osteotomy to ensure longevity of the soft tissue procedure. 26, 27, 35, 54, 55, 58, 66, 72 Techniques described using tibial osteotomies in combination with soft tissue procedures include meniscal repair or transplantation, 72 articular resurfacing, 26, 27, 45, 64, 66 and instability. 11, [53] [54] [55] 68 By unloading the involved compartment, HTO can be beneficial to meniscus transplants if a deformity exists. Articular cartilage injuries such as osteochondral defects can be addressed with traditional procedures, such as microfracture, osteochondral autologous transplantation, or autologous chondrocyte implantation in combination with HTO to improve load dissipation. 5 For patients with anterior cruciate ligament or posterior cruciate ligament (PCL) deficiency, HTO may improve sagittal stability by altering the posterior slope. 4, 21, 24, 25 In summary, osteotomies have been shown to be essential in the treatment of the symptomatic knee with malalignment associated with focal arthrosis, articular and/or meniscal deficiency, and/or instability.
IndIcatIons for Knee osteotomy In the elIte athlete
Knee arthritis in active patients, including competitive athletes, is increasingly common. For older athletes, discontinuation of the sport or knee replacement is a plausible option once the arthritis becomes a significant barrier to play. Osteotomy can be considered for (1) younger athletes who wish to continue competing and for whom total knee arthroplasty is not a reasonable option given their age and (2) those whom all other surgical options have been exhausted. The International Society of Arthroscopy, Knee Surgery, and Orthopaedic Sports Medicine has formulated guidelines for indications and contraindications to HTO, and Brinkman et al 12 has published a comprehensive review discussing it. Indications for considering HTO in the elite athlete include malalignment with associated joint pathology, after all other possible treatments have been explored. 12, 36 Osteotomy may improve symptoms, relieve pain, and allow a return to a "normal" lifestyle-that is, one not specifically based on competition, although that may be a consideration.
surgIcal technIque
The medial opening wedge is preferred over the lateral closing wedge in the athlete. With the opening wedge, precise correction is more likely and overcorrection is less likely. An acute correction with medial plate fixation is preferred. The opening wedge can increase knee stability; it avoids osteotomy of the fibula or disruption of the proximal tibiofibular joint. Proximal migration of the fibula can cause increased laxity of the posterolateral corner ligamentous complex of the knee. 17, 37, 70 If the fibula is not osteotomized in a closing-wedge technique, the tibial slope will be forced to decrease secondary to hinging at the proximal tibiofibular joint. 7 Peroneal nerve injury is a known complication of lateral-closing wedge osteotomies, and because peroneal nerve injury to the athlete is potentially career threatening, the medial approach is preferred to a lateral-sided dissection. 60, 70 Preoperative Planning Evaluation begins by assessing the extent of knee arthrosis and lower extremity alignment with bilateral weightbearing anteroposterior views in full extension, bilateral weightbearing posteroanterior tunnel views in 30° of flexion, and lateral and Merchant views. A double-leg weightbearing anteroposterior view is also obtained, and the desired HTO correction is calculated according to the method described by Dugdale et al. 22 In athletes, the osteotomy places the weightbearing line (as measured from the center of the femoral head to the center of the tibiotalar joint) through the center of the knee joint. Although the idea of overcorrection has been introduced in the treatment of medial compartment arthritis in the general population, significant overcorrection in the athlete is not recommended. The goal is to re-create neutral anatomical and biomechanical environments for the athlete's knee. The osteotomy is also planned to achieve the desired posterior tibial slope in the sagittal plane to enhance the stability of the knee if an anterior cruciate ligament or PCL deficiency exists. 4, 21, 24, 25 Operative Procedure Concurrent arthroscopy using low pressures and frequent compartment checks is performed as necessary to evaluate the menisci and the status of the articular cartilage. Following arthroscopy, the extremity is elevated and exsanguinated, and the rest of the procedure is carried out under tourniquet control. A vertical incision is made over the pes anserinus insertion halfway between the medial border of the patellar ligament and the posterior margin of the tibia, followed by exposure and incision of the sartorial fascia and, finally, subperiosteal elevation of the medial collateral ligament (Figure 1) . Blunt retractors are then placed anteriorly to protect the patellar ligament and posteriorly to protect the hamstring tendons and superficial medial collateral ligament. Under fluoroscopic control, a guide wire is drilled across the proximal tibia from medial to lateral. The guide is positioned at the level of the superior aspect of the tibial tubercle and oriented obliquely to end at least 1 cm below the joint line at the lateral tibial cortex (Figure 2 ). By aiming approximately 1 cm below the lateral joint line, one can stay proximal to the patellar tendon insertion while being sufficiently inferior to the articular surface to predictably prevent intra-articular fracture during the cut. The proximal osteotomy maximizes the metaphyseal location and likelihood of healing. In addition, if the osteotomy cut is too distal, it becomes extracapsular, thereby reducing the stability of the osteotomy site. The osteotomy is performed with an oscillating saw below the guide pin to prevent superior migration and to decrease risk of an intra-articular fracture. The osteotomy is deepened with flexible and rigid osteotomes via fluoroscopic confirmation (Figure 3) .
Once the osteotomy has been completed, the medial opening is created with an osteotomy wedge to the predetermined depth. Intraoperative femorotibial alignment is verified by fluoroscopy, and an extramedullary alignment guide is used to ensure that the weightbearing axis is passing through the center of the knee joint (Figure 4 ). Sabharwal and Zhao 61 recently cautioned that for obese patients or those with substantial malalignment, supine fluoroscopy alignment measurements without loading of the knee joint does not reflect the axis as accurately as preoperative standing films. In such cases, careful scrutiny of both the preoperative weightbearing films and the intraoperative fluoroscopic images can still predictably lead to favorable results. The posterior tibial slope is also assessed intraoperatively and can be changed by distracting the osteotomy more anteriorly or posteriorly if the patient has symptomatic cruciate deficiency or excessive anteroposterior translation preoperatively. Case 2 in the discussion highlights the use of HTO to help stabilize an athlete's knee with PCL deficiency by increasing the tibial slope. If the opening is greater than 1 cm anteriorly, a tibial tubercle osteotomy is performed to advance the tubercle the same height of the osteotomy. When the desired opening has been achieved, the osteotomy is secured with a plate and bone graft (corticocancellous wedges cut from femoral head allograft) ( Figure 5 ). The plate is fi xed proximally with 6.5-mm cancellous screws and distally with 4.5-mm cortical screws. Last, placement of fi xation is confi rmed with fl uoroscopic imaging.
Following surgery, a hinged brace allows 0° to 90° of motion for 6 weeks while the patient remains toe-touch weightbearing. Radiographs are performed at 6 weeks; if the osteotomy is consolidating, the brace is discontinued, and full weightbearing is initiated with a strengthening program. Radiographs are repeated at 10 weeks; if osseous consolidation has been achieved, sport-specifi c rehabilitation is initiated.
Complications
Complications associated with HTO include fracture, nonunion, symptomatic hardware or hardware failure, infection, compartment syndrome, and peroneal nerve palsy. The 
Unicompartmental arthrosis Instability
Planned meniscal transplantation Planned articular surface transplantation Any combination of the above incidence of intra-articular fractures has been reported to be 11% in medial-opening HTO and between 10% and 20% in lateral-closing HTO. 28 , 44 As mentioned previously, staying inferior to a guide pin positioned 1 cm below the joint line on the lateral side during the osteotomy helps to reduce the risk of intra-articular fracture. If such fracture does occur, congruity of the plateau must be achieved with stable fixation. Nonunion is a more common complication in opening-wedge techniques, with risks reported from 0.7% to 4.4%. 8 , 9 , 65 , 69 Bone autograft and allograft, bone substitutes, and growth factors have been used to fill the void in opening HTO and to decrease nonunion. Recent research supports the use of a locking plate design to enhance fixation and allow earlier weightbearing to decrease risk of nonunion. 71 , 77 The Puddu Plate (Arthrex, Naples, Florida), however, is less often symptomatic than the larger locking plate; it usually does not require a second surgery for hardware removal; and it has not been associated with hardware failure or nonunion.
Infection risk with open reduction internal fi xation has been reported to be 4%. 10 Although compartment syndrome associated with HTO has been described, the exact incidence is unknown. 28 , 65 An increased risk of compartment syndrome during HTO has been associated with concomitant arthroscopic ligament reconstruction. 28 , 42 When concomitant arthroscopy is necessary, use of low pressures and frequent compartment checks can minimize risks during the operation. The incidence of peroneal nerve palsy associated with closingwedge HTO ranges from 2% to 16%. 23 , 65 The medial-side approach helps to avoid this potentially career-threatening complication in athletes.
case dIscussIons
The use of HTO in select competitive athletes has led to favorable outcomes. With athletes that undergo HTO, the goal of surgery is not to allow resumption of competition but rather to allow daily and recreational-level activities. Only after successfully completing rehabilitation with complete resolution of symptoms can the athletes begin discussion of the risks and benefits of resuming play. Two cases are highlighted where HTO was performed in combination with other procedures. Following rehabilitation and counseling, the athletes returned to play in the National Football League.
Case 1: HTO and Osteochondritis Dissecans
The first case illustrates the use of a HTO in the treatment of a medial femoral condylar osteochondritis dissecans (OCD) lesion (fourth HTO indication, Table 1 ). The patient was a collegiate football player who presented with complaints of right medial knee pain and swelling. Imaging revealed a large OCD lesion of the medial femoral condyle ( Figure 6 ). Initially, the OCD lesion base was arthroscopically debrided and bone grafted, and the fragment was fixed with an osteochondral autograft plug placed in the center of the lesion. This enabled the player to resume football, but he returned the following year with recurrent complaints of medial knee pain. Magnetic resonance imaging at that time revealed partial healing of the OCD lesion. Evaluation of his lower limb mechanical axis showed varus malalignment with increased medial compartment loading. Figure 7 shows images of the OCD lesion at the time of repeat arthroscopy. Ultimately, the lesion was debrided and treated with autologous chondrocyte implantation, combined with a HTO to off-load the medial compartment and better facilitate healing of the OCD lesion ( Figure 8 ). Before proceeding with the HTO, the patient was informed that the goal of the HTO and autologous chondrocyte implantation was to allow him to resume normal daily activities and not necessarily high-level athletic competition. The patient had complete resolution of knee pain, and after proper rehabilitation and counseling regarding risks of return to play, he resumed competition following graduation from college in the National Football League.
Case 2: HTO and PCL Deficiency
The second case demonstrates the use of HTO in the treatment of instability and varus malalignment (second HTO indication, Table 1 ). The patient was a professional football player unable to compete secondary to medial knee pain. He previously had an isolated PCL injury and developed subsequent medial compartment disease with varus malalignment. He had undergone arthroscopic debridement of a medial meniscus tear, but not PCL reconstruction. Arthroscopy had also revealed chondromalacia and generalized laxity of the medial compartment. Radiographs and magnetic resonance imaging at presentation showed early degenerative changes of the medial compartment, including subchondral sclerosis and edema. Bone scan at that time confirmed the medial compartment overload.
Physical exam revealed varus alignment and slight lateral/ posterolateral thrust on the affected side during ambulation, which went into slight recurvatum on range of motion testing and had modest posteromedial joint line tenderness. Grade II posterior sag was noted, as was grade II medial collateral ligament laxity, likely pseudolaxity secondary to the medial compartment wear.
The patient's goal at presentation was to resume his National Football League career. Biplanar osteotomy with an opening wedge placed anteromedially was recommended because it would improve his posterior instability and offload the medial compartment. After discussing the proposed procedure with his team physicians, the player elected to proceed with surgery ( Figure 9 ). Postoperatively, his posterior sag was no longer present, and his medial knee pain had completely resolved. He did well overall and was cleared to return to play after appropriate rehabilitation and counseling. One year after surgery, the player developed some irritation of the pes anserinus from the fi xation plate, and hardware removal was performed without incident. 
